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Relativistic current induced torques and devices utilizing antiferromagnets have been indepen¬ 
dently considered as two promising new directions in spintronics research. Here we report electrical 
measurements of the torques in structures comprising a ~ 1 nm thick layer of an antiferromagnet 
IrMn. We perform ac-electrical measurements in Ta/IrMn/CoFeB and Ta/IrMn structures below 
and above the Neel temperature of the ultra-thin IrMn and compare the results with control ex¬ 
periments in a Ta/CoFeB paramagnet/ferromagnet bilayer. The torques observed in CoFeB are 
consistent with the opposite sign of the spin Hall angle in Ta and IrMn. By combining temperature- 
dependent measurements in all three structures we conclude that torques act also in the antiferro¬ 
magnetic IrMn at the interface with Ta. 

PACS numbers: 75.50.Ee,75.47.-m,85.80.Jm 


Since the relativistic spin-orbit interaction couples 
electron’s momentum and spin it can lead to a range of 
effects when systems are brought out of equilibrium by 
applied electric fields. Non-equilibrium spin polarization 
phenomena may occur even in non-magnetic spin-orbit 
coupled conductors. A prime example is the spin Hall ef¬ 
fect (SHE) in which an electrical current passing through 
a material with relativistic spin-orbit coupling generates 
a transverse spin-current polarized perpendicular to the 
plane defined by the charge and spin-current [1], The 
spin-current generated in a normal metal (NM) via the 
SHE can be absorbed in a ferromagnet (FM) and the 
spin angular momentum transferred to the magnetiza¬ 
tion. The corresponding relativistic spin torques are a 
candidate spintronic technology for a new generation of 
electrically-controlled spintronic devices [2, 3]. 

Unlike FMs, antiferromagnets (AFMs) have tradition¬ 
ally played only a static supporting role in spintronic de¬ 
vices by enhancing the magnetic hardness of the FM elec¬ 
trode via the interfacial exchange-bias effect [4]. More re¬ 
cently, AFM spintronic devices have been demonstrated, 
including magneto-resistors and memories [5-8], in which 
AFM electrodes play an active role in the device. 

A key challenge in the held of AFM spintronics is to 
find efficient means for manipulating the compensated 
moments. Here the relativistic spin torques represent 
one of the promising routes [9]. In one picture, the 
torques occur in AFMs like Mn 2 Au or CuMnAs whose 
spin-sublattices of the bulk crystal structure form inver¬ 
sion partners [9, 10]. 

In this paper we focus on an alternative scenario ap¬ 
plying to AFMs of a general bulk crystal structure that 
are prepared in thin films and interfaced with a FM 
and/or a spin-orbit coupled NM. The SHE generated in 


the AFM [11, 12] can induce a torque on the adjacent FM 
[13]. Remarkably, theory also predicts [9] that relativis¬ 
tic current-induced torques at the NM/AFM interface 
might provide an efficient mechanism for manipulating 
the AFM spins. 

Our aim is to experimentally identify these phenomena 
by performing systematic ac-electrical measurements in a 
NM/AFM/FM trilayer, NM/AFM bilayer, and a control 
NM/FM bilayer, with the structures comprising Ta NM, 
IrMn AFM, and CoFeB FM films. The method we em¬ 
ploy is based on utilizing ultra-thin (~ 1 nm) Iro. 2 M 1 io.s- 
The small thickness of the AFM Him is favorable for 
detecting spin-torques generated at the NM/AFM in¬ 
terface. Moreover, the Neel temperature is suppressed 
from the bulk Tjv = 700 K [14] to well below room- 
temperature [15] in the ultra-thin IrMn. This allows us 
to compare the observed torques in both the NM/AFM 
and NM/AFM/FM stacks when IrMn is in the antifer¬ 
romagnetic and paramagnetic phases and to confirm the 
magnetic origin of the current-induced effects observed 
in these structures. 

We start with discussing our experiments in the 
NM/AFM/FM trilayer. The layers were deposited by 
UHV RF magnetron sputtering on a thermally oxidized 
Si substrate (700 nm Si0 2 on (001) Si) at a base pressure 
of 10 ~ 9 Torr and in a magnetic field of 5 mT. To achieve 
high crystal and magnetic quality of the films, the wafers 
were annealed at 350°C for 1 hour in a 10 ~ 6 Torr vac¬ 
uum in a magnetic field of 0.6 T applied along the sample 
edge [16]. (For more details see the Supplementary infor¬ 
mation [17].) From simulations of the X-ray reflectivity 
data [17] we obtain the following structure: Ta(2.2 ± 
0.2)/IrMn(0.6 ± 0.3)/CoFeB(0.9 ± 0.2)/MgO(1.4 ± 0.2) 
capped with 10 nm of AUO 3 . The numbers in brackets 
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correspond to the layer thicknesses in nm and are consis¬ 
tent with the nominal growth values. 

Magnetic measurements shown in Fig. 1(a) were per¬ 
formed by the superconducting quantum interference de¬ 
vice (SQUID). Exchange coupling at low temperatures 
between the IrMn AFM and the CoFeB FM is con¬ 
firmed by the shift and broadening of the hysteresis loop 
when cooling the sample from 400 K to 5 I( in a mag¬ 
netic field of ±1 T applied along the field direction used 
during annealing. Note that the low-temperature ex¬ 
change bias is weak and positive, consistent with the 
small thickness of our IrMn film and with previous stud¬ 
ies of IrMn/CoFeB interfaces [18]. Consistent with the 
expected high-temperature paramagnetic phase of our 
ultra-thin IrMn, the sample shows no shift and broad¬ 
ening of the hysteresis loop when field-cooled to 200 K. 




FIG. 1. (a) SQUID magnetization measurement after cooling 
the sample from 400 K to 5 K in magnetic field +1 T (blue 
line) and -1 T (red line), and after field cooling to 200 K (green 
line), (b) Electron microscope image of the Hall bar device 
and a schematic of our experimental setup, (c) Variations 
of R^. and when rotating magnetization in plane. The 
average R ^ is 1.7 kfi. (d) Rly for out-of-plane rotation. All 
data are for the Ta/IrMn/CoFeB trilayer. 

The device geometry is shown in Fig. 1(b). The Hall 
bar width is 2 /im and the distance between longitudinal 
contacts is 7 /im [17]. In electrical measurements, the 
Hall bar is biased by a low frequency (123 Hz) ac current 
I ac = h sin(wt) applied along the x-axis. We use lock-in 
amplifiers to measure simultaneously first harmonic (lw) 
and second harmonic (2 oj) signals [19-21]. Examples 
of the first harmonic signals are shown in Figs.l(c),(d) 
where angles a and /3 correspond to in-plane (x — y) 
and out-of-plane (x — z) magnetization rotation, respec¬ 
tively. The relative amplitudes of the longitudinal and 
transverse anisotropic magnetoresistance (AMR) seen in 
Fig. 1(c) are consistent with the aspect ratio of the longi¬ 
tudinal and transverse dimensions of the Hall bar. When 


rotating the magnetization out-of-plane, the signal 
is dominated by the anomalous Hall effect (AHE), as seen 
in Fig.1(d). 

Current induced torques contribute to the higher- 
harmonic non-ohmic components of the resistance. In 
our study we focus on the second harmonic signals. For 
a systematic set of measured first and second harmonic 
transport signals, including also experiments for magne¬ 
tization rotation in the y — z plane and magnetic-sweep 
measurements, we refer to the Supplementary informa¬ 
tion [17]. 

Examples of R^. and R^y for the in-plane rotation of 
magnetization are shown in Fig. 2. Two types of torques 
can be expected in our structure: The antidamping-like 
torque which for magnetization m rotating in the plane is 
driven by an out-of-plane effective field ~mxy, and the 
field-like torque due to an in-plane field ~ y. Neither of 
these fields would generate via the AMR a signal ~ 
sin a (see Tab. SI in the Supplementary information [17]) 
that is seen in Figs. 2 (a)-(c) for the Ta/IrMn/CoFeB 
sample at high and low temperatures and also for the 
control Ta/CoFeB sample. 
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FIG. 2. Angular dependence of the second harmonic signals 
R-xx (a)-(c) an d Rxy (d)-(f) measured in a saturating in-plane 
magnetic field in the Ta/IrMn/CoFeB samples at 300 K and 
5 K, and in the reference Ta/CoFeB sample. Data measured 
at two current densities are shown in each panel. 

A mechanism that can consistently explain the angular 
dependence of R%.% seen in Figs. 2(a)-(c) is the longitudi¬ 
nal spin Seebeck effect (SSE) [17]. The SSE is generated 
by an out-of-plane thermal gradient. It drives a spin cur¬ 
rent from the FM into the adjacent layer and here the 
inverse SHE converts the spin current into an electrical 
voltage along the in-plane direction perpendicular to the 
magnetization in the FM [22]. While not detecting the 
spin torque itself in the data provide us, neverthe¬ 
less, with a valuable information on the SHE which can 
generate the current-induced spin torque. Signatures of 
the spin torque will be identified below in the discussion 
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of the R%y signals. 

Earlier studies found opposite sign of spin Hall an¬ 
gles in IrMn and Ta [3, 11, 12] which is consistent 
with the measured opposite sign of the R%% in the 
Ta/IrMn/CoFeB and the Ta/CoFeB samples and con¬ 
firms that these longitudinal signals can originate from 
the SSE. Thermal effects generated by Joule heating are 
quadratic in the driving current and can, therefore, con¬ 
tribute to the second harmonic signals for the biasing 
current Iac = iosin(wt). Consistent with the data in 
Figs. 2(a)-(c), the signals due to the SSE scale with the 
current amplitude since the thermally generated voltage 
is quadratic in Iq and the resistances plotted in Figs. 2(a)- 
(c) are obtained by dividing the voltages by Iq. 

The observed SSE signals are independent of the base 
temperature. In the transport experiments, the vertical 
thermal gradient across the IrMn/CoFeB bilayer (or the 
control Ta/CoFeB bilayer) is determined by the gradient 
in the resistivity across the bilayer. Since the dependence 
of the resistivity on base temperature is negligible in the 
studied temperature range (see Fig. S3 in the Supplemen¬ 
tary information [17]), the Joule heating gradient across 
the metal films can be also expected to be independent 
of the base temperature. From this we conclude, that 
the inverse SHE in IrMn does not change significantly 
between the low-temperature AFM phase and the liigh- 
temperature paramagnetic phase. 

The SSE contributes to the transverse resistance as 
R^y ~ cos a (see Tab. S2 in the Supplementary infor¬ 
mation [17]). This angular dependence is observed in 
Figs. 2(d)-(f). However, when comparing in Figs. 2(a) 
and (d) the amplitudes of and R^y signals for the 
Ta/CoFeB sample they do not scale with the Hall bar 
aspect ratio. As in a number of previous studies of 
NM/FM bilayers, the additional R signal is attributed 
to the current-induced antidamping-like torque acting 
in CoFeB. The corresponding out-of-plane effective field 
~ m x y can originate form the spin-current polarized 
along the y-axis which is generated by the SHE in Ta and 
absorbed in the CoFeB FM. The ~ cos a symmetry 
reflects the ouf-of-plane tilt of the magnetization due to 
the current-induced effective out-of-plane field which is 
sensed electrically via the AHE in CoFeB [17]. 

In the Ta/IrMn/CoFeB sample the signal due to the 
antidamping-like torque is detected at low temperatures. 
In the high-temperature paramagnetic phase of IrMn the 
amplitudes of a-dependent R%% and R%y signals scale 
with the Hall bar aspect ratio, implying that the SSE 
dominates and the current induced torque is diminished. 

In Fig. 3 we summarize the low and high-temperature 
measurements in the Ta/IrMn/CoFeB sample and com¬ 
pare with the temperature-independent results in the 
control Ta/CoFeB sample. After subtracting the SSE 
contribution, the remaining component due to the 
antidamping-like torque is recalculated into the magni¬ 
tude Had of the effective current-induced out-of-plane 


field. For this we used the calibration of the first har¬ 
monic AHE signal in an externally applied out-of-plane 
magnetic field (for more details see Supplementary text 
below Tab. S2 [17]). Similar to the SEE signal, Had 
scales linearly with the density of the driving ac current 
since the generated changes in the magnetization direc¬ 
tion are small and AHE varies linearly in this small tilt 
regime. 



FIG. 3. (a) Current density dependence of the current- 

induced effective out-of-plane field Had (black dots) in the 
reference Ta/CoFeB sample, (b) Current density dependence 
of the SSE contribution recalculated for one square. (c,d) 
Same as (a,b) for the Ta/IrMn/CoFeB sample at 5 K and 
300 K. 

Fig. 3 highlights the SHE origin of Had which, as in 
the SSE case, changes sign when CoFeB is interfaced with 
either Ta or IrMn. The inferred spin Hall angle in the 
Ta layer from measurements in the Ta/CoFeB bilayer is 
ss —0.036 ± 0.020. The effective spin Hall angle recal¬ 
culated to the current flowing in the IrMn layer of the 
Ta/IrMn/CoFeB stack at 5 K is « +0.029 ± 0.015. 

We point out that the SSE and the antidanrping-like 
spin torque, as well as the inferred magnitudes of Had 
and the spin Hall angles, were confirmed by performing 
magnetization rotation experiments in all three orthogo¬ 
nal planes. The measured transport signals were system¬ 
atically decomposed into harmonic functions of the mag¬ 
netization rotation angles. The technique is described in 
detail in the Supplementary material [17]. 

We also remark that angular-dependent components 
with a symmetry corresponding to the field-like torque 
were not identified in the measured data. One source 
of the field-like torque is the Oersted field which in our 
experiments does not exceed 0.1 mT. In data shown in 
Figs. 2(a)-(c), e.g., the corresponding R%% ~ sin2acosa 
term [17] would contribute via AMR with an amplitude 
below ~ 10 -4 fl, i.e., within the noise in Figs. 2(a)-(c). 

As noted above, when the spin-current is injected from 
the CoFeB FM via the SSE and converted into the elec¬ 
trical signal by the inverse SHE in IrMn, the effect is only 
weakly temperature dependent. From this it might look 
surprising that the antidamping-like torque generated by 
the SHE is sizable only in the low-temperature antifer- 
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romagnetic phase of IrMn while at higher temperatures 
it is suppressed and fluctuates around zero, as summa¬ 
rized in Fig. 4(a). Our trilayer is, however, not inversion 
symmetric and the broken reciprocity between the SSE 
and the current-induced torque at higher temperatures 
can be reconciled as follows: 

In the SSE the spin-current is generated in the CoFeB 
and converted via the inverse SHE to the charge signal 
primarily in the IrMn layer underneath. In the current- 
induced torque, on the other hand, the spin-current is 
generated by the SHE in the Ta/IrMn bilayer. Since 
the spin Hall angles are opposite in Ta and IrMn, the 
contributions from the two layers tend to compensate, 
resulting, at high temperatures, in a small net torque in 
CoFeB fluctuating around zero. 

At low temperatures when IrMn is antiferromagnetic 
the behavior changes. The torque in CoFeB becomes 
sizable and, considering its sign, it is dominated by the 
IrMn SHE. The effect of the SHE spin-current from Ta 
on CoFeB moments is diminished. From experiments in 
the control Ta/CoFeB sample we observed that the SHE 
in Ta is temperature independent over the whole studied 
temperature range. Combining all these indications we 
arrive at a conclusion that the SHE spin-current from Ta 
is absorbed at low temperatures by the AFM moments 
in IrMn. 

Note the for the CoFeB and IrMn films strongly cou¬ 
pled at low temperatures the above scenario should be 
extended to account for the CoFeB/IrMn bilayer be¬ 
having as one joint magnetic medium. The calibration 
from first-harmonic resistances in external magnetic field 
then describes effective magneto-transport coefficients 
of the coupled bilayer. Similarly, Had inferred from 
the second-harmonic resistances represents an effective 
current-induced field acting on the CoFeB/IrMn bilayer 
which can have contributions from torques generated at 
the Ta/IrMn and IrMn/CoFeB interfaces. The same 
applies to the spin Hall angle obtained form Had and 
normalized to the current flowing through IrMn which 
parametrizes the entire NM/AFM/FM trilayer rather 
than the SHE of IrMn alone. 

In either of the detailed versions of the above sce¬ 
nario, the current-induced torque in the AFM plays a 
central role. To independently identify this effect we 
performed measurements in the Ta/IrMn structure com¬ 
prising no FM layer. Since the IrMn moments in the 
low-temperature AFM phase cannot be manipulated by 
the applied magnetic field we use a procedure in which 
magnetic field is applied at different angles while cooling 
the Ta/IrMn sample from room-temperature. In earlier 
studies of similar thin IrMn films embedded in tunnel 
junctions, the field-cooling procedure enabled us to de¬ 
fine states showing distinct magnetoresistance signals at 
low temperatures [15]. These distinct states of the AFM 
IrMn then remained insensitive to the applied magnetic 
field when staying sufficiently below the Neel tempera- 
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FIG. 4. (a) Temperature dependence of the current- 

induced effective out-of-plane field Had measured in the 
Ta/IrMn/CoFeB sample, (b) Temperature-dependent dif¬ 
ference in the ft// signal in the Ta/IrMn sample measured 
while cooling the sample in applied in-plane (x-axis) and out- 
of-plane magnetic fields of 2 T. Both first harmonic (black 
line) and second harmonic (red line) signals are plotted in 
the panel, (c) The signals become insensitive to the magnetic 
field when sweeping magnetic field along x, y, or y-axis at low 
temperature (5 K). (d) SQUID magnetization measurement of 
the Ta/IrMn sample showing only a diamagnetic signal from 
the substrate and no net moment in IrMn at low temperature 
(10 K). 


ture [15]. 

Analogous behavior of our Hall bar device is illustrated 
in Fig. 4(b). Here the sample was first cooled from 
300 K to 5 K in an applied in-plane magnetic field of 
2 T and then the experiment was repeated with field¬ 
cooling in a 2 T out-of-plane field. A clear onset of 
a non-zero difference Af?i.“ between the two field-cool 
measurements is observed in the first harmonic resistance 
signal at ~ 100 K. This is consistent with the expected 
transition into the AFM phase in the thin IrMn film. It 
coincides with the observed enhancement of Had at low 
temperatures in the Ta/IrMn/CoFeB stack which we also 
associated with the paramagnetic to AFM transition in 
IrMn (see Fig. 4(a)). Remarkably, the onset of Ain 
the Ta/IrMn bilayer is accompanied by the onset of the 
second harmonic A R^, suggesting that these signals are 
of magnetic origin and that the magnetic moments are 
torqued in the AFM by the applied current. 

To confirm that the signals in Fig. 4(b) are due to 
the AFM moments we show in Fig. 4(c) the second har¬ 
monic signal while sweeping the external magnetic field 
between ±2 T and keeping the temperature at 5K. Sim¬ 
ilar to the first harmonic magnetoresistance, the second 
harmonic becomes completely insensitive to the strong 
magnetic fields in the low-temperature AFM phase of 
IrMn. Low-temperature magnetization data plotted in 
Fig. 4(d), showing only a diamagnetic signal of the sub¬ 
strate, provide an additional confirmation of the low- 
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temperature AFM phase of IrMn and of the absence of a 
FM component in the stack. 

We conclude by recalling that theoretical studies have 
predicted relativistic current-induced torques in bulk 
AFMs as well as at interfaces [9]. The bulk effects require 
specific symmetries of the crystal and magnetic struc¬ 
tures of the AFM material and have been recently iden¬ 
tified in current-induced switching experiments in CuM- 
nAs [10]. The AFM torques acting at interfaces are ex¬ 
pected to be more generic regarding the symmetries of 
the AFM unit cell. Our AFM-torque interpretation of 
the non-ohmic transport signals in the Ta/IrMn bilayer 
is consistent with these theory predictions for AFM in¬ 
terfaces. Independently, the SHE spin-current from Ta 
absorbed via the AFM torque in IrMn consistently fits 
into the overall picture obtained from the complemen¬ 
tary measurements in the Ta/IrMn, Ta/IrMn/CoFcB and 
Ta/CoFeB structures. Our results open the prospect for 
using current induced torques in transition metal multi¬ 
layers to manipulate moments in AFMs. 

We acknowledge support from the EU European Re¬ 
search Council (ERC) advanced grant no. 268066, 
from the Marie Curie Initial Training Network grant no. 
316657, from the Ministry of Education of the Czech Re¬ 
public grant no. LM2011026, from the Grant Agency of 
the Czech Republic grant no. 14-37427G, and from the 
Austrian Science Fund (FWF): J3523-N27. 


[1] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, 
and T. Jungwirth, Rev. Mod. Phys., in press (2015), 
arXiv:1411.3249vl. 

[2] I. M. Miron, K. Garello, G. Gaudin, P.-J. Zermatten, 
M. V. Costache, S. Auffret, S. Bandiera, B. Rodmacq, 
A. Schuhl, and P. Gambardella, Nature 476, 189 (2011). 

[3] L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and 
R. A. Buhrman, Science 336, 555 (2012). 

[4] F. Radu and H. Zabel, Springer Tracts Mod. Phys. 227, 
97 (2008). 

[5] B. G. Park, J. Wunderlich, X. Marti', V. Holy, 
Y. Kurosaki, M. Yamada, H. Yamamoto, A. Nishide, 
J. Hayakawa, H. Takahashi, A. B. Shick, and T. Jung- 
wirth, Nat. Mater. 10, 347 (2011). 

[6] Y. Y. Wang, C. Song, B. Cui, G. Y. Wang, F. Zeng, and 

F. Pan, Phys. Rev. Lett. 109, 137201 (2012). 


[7] X. Marti, I. Fina, C. Frontera, J. Liu, P. Wadley, Q. He, 
R. J. Pauli, J. D. Clarkson, J. Kudrnovsky, I. Turek, 
J. Kunes, D. Yi, J.-H. Chu, C. T. Nelson, L. You, 
E. Arenholz, S. Salahuddin, J. Fontcuberta, T. Jung- 
wirth, and R. Ramesh, Nat. Mater. 13, 367 (2014). 

[8] I. Fina, X. Marti, D. Yi, J. Liu, J. H. Chu, C. Rayan- 
Serrao, S. Suresha, a. B. Shick, J. Zelezny, T. Jungwirth, 
J. Fontcuberta, and R. Ramesh, Nat. Commun. 5, 4671 
(2014). 

[9] J. Zelezny, H. Gao, K. Vyborny, J. Zemen, J. Masek, 
A. Manchon, J. Wunderlich, J. Sinova, and T. Jung¬ 
wirth, Phys. Rev. Lett. 113, 157201 (2014). 

[10] P. Wadley, B. Howells, J. Zelezny, C. Andrews, V. Hills, 

R. P. Campion, F. Freimuth, Y. Mokrousov, A. W. Rusli- 
forth, K. W. Edmonds, and B. L. Gallagher, (2015). 

[11] J. B. S. Mendes, R. O. Cunha, O. Alves Santos, P. R. T. 
Ribeiro, F. L. a. Machado, R. L. Rodrfguez-Suarez, 
A. Azevedo, and S. M. Rezende, Phys. Rev. B 89, 140406 
(2014). 

[12] W. Zhang, M. B. Jungfleisch, W. Jiang, J. E. Pearson, 
A. Hoffmann, F. Freimuth, and Y. Mokrousov, Phys. 
Rev. Lett. 113, 196602 (2014). 

[13] V. Tshitoyan, C. Ciccarelli, A. P. Mihai, M. Ali, 
A. Irvine, T. A. Moore, T. Jungwirth, and A. J. Fer¬ 
guson, (2015), arXiv: 1502.04570. 

[14] T. Yamaoka, J. Phys. Soc. Japan 36, 445 (1974). 

[15] D. Petti, E. Albisetti, H. Reichlova, J. Gazquez, 
M. Varela, M. Molina-Ruiz, a. F. Lopeandia, K. Olejm'k, 
V. Novak, I. Fina, B. Dkhil, J. Hayakawa, X. Marti, 
J. Wunderlich, T. Jungwirth, and R. Bertacco, Appl. 
Phys. Lett. 102, 192404 (2013). 

[16] J. Hayakawa, S. Ikcda, F. Matsukura, H. Takahashi, and 
H. Ohno, Japanese J. Appl. Physics, Part 2 Lett. 44, 2 
(2005). 

[17] See supplementary material at http://link.aps.org/ 4 
supplemental/10.1103/PhysRevLett.000.000000 for brief 
description. 

[18] M. Raju, S. Chaudhary, and D. K. Pandya, Eur. Phys. 

J. B 86,491 (2013). 

[19] U. H. Pi, K. Won Kim, J. Y. Bae, S. C. Lee, Y. J. Cho, 

K. S. Kim, and S. Seo, Appl. Phys. Lett. 97, 162507 

( 2010 ). 

[20] K. Garello, I. M. Miron, C. O. Avci, F. Freimuth, 
Y. Mokrousov, S. Bliigel, S. Auffret, O. Boulle, 

G. Gaudin, and P. Gambardella, Nat. Nanotechnol. 8, 
587 (2013). 

[21] J. Kim, J. Sinha, M. Hayashi, M. Yamanouchi, 

S. Fukami, T. Suzuki, S. Mitani, and H. Ohno, Nat. 
Mater. 12, 240 (2013). 

[22] T. Kikkawa, K. Uchida, S. Daimon, Y. Shiomi, 

H. Adachi, Z. Qiu, D. Hou, X.-F. Jin, S. Maekawa, and 
E. Saitoh, Phys. Rev. B 88, 214403 (2013). 



arXiv: 1503.03729v2 [cond-mat.mes-hall] 20Jul2015 


Supplementary Material: 

Current induced torques in structures with ultra-thin IrMn 

antiferromagnet 


H. Reichlova , 1,2 D. Kriegner , 2 V. Holy , 2 K. Olejm'k , 1 V. Novak , 1 M. Yarnada , 3 
K. Miura , 3 S. Ogawa , 3 H. Takahashi , 3 T. Jungwirth , 1,4 and J. Wunderlich 1,5 

1 Institute of Physics ASCR, v.v.i., Cukrovarnicka 10, 162 53 Praha 6, Czech Republic 
2 Faculty of Mathematics and Physics, Charles University in Prague, 

Ke Karlovu 3, 121 16 Prague 2, Czech Republic 
3 Hitachi Ltd., Central Research Laboratory, 

1-280 Higashi-koigakubo, Kokubunju-shi, Tokyo 185-8601, Japan 
4 School of Physics and Astronomy, University of Nottingham, 

Nottingham NG7 2RD, United Kingdom 
5 Hitachi Cambridge Laboratory, Cambridge CBS OHE, United Kingdom 


1 



I. SAMPLE GROWTH AND FABRICATION 


Ta, IrMn, and CoFeB layers were deposited by UHV RF magnetron sputtering on a 
thermally oxidized Si substrate (700 nm SiCU on ( 001 ) Si) at a base pressure of 10~ 9 Torr and 
in a magnetic field of 5 niT. After growth, the wafers were annealed at 350°C for 1 hour in a 
10 ~ 6 Torr vacuum in a magnetic field of 0.6 T. Annealing of CoFeB (20:60:20) ferromagnetic 
layer leads to crystallization of the layer and provides better magnetic properties [1, 2], The 
five distinct layers (not alloyed) were confirmed by X-Ray reflectivity (see next section). 
For transport measurements Hall bars were defined in the HSQ negative resist by e-beam 
lithography. The contacts were defined by an aluminum mask and the stack of layers was 
etched everywhere else by ion milling. The width of the bars is 2 //rn and the distance 
between longitudinal contacts is 7 /jrn. Several samples were patterned from the wafer, all 
showing similar results. 

II. X-RAY CHARACTERIZATION 

X-ray reflectivity (XRR) measurements were performed using a laboratory diffractometer 
with Cu radiation. Results for the Ta/IrMn/CoFeB sample are shown in Fig. SI. The layer 
thicknesses inhrmed from XRR are: Ta(2.2 ± 0.2 nm)/IrMn(0.6 ± 0.3 nm)/CoFeB(0.9 ± 
0.2 nm)/MgO(1.4 ± 0.2 nm) capped with 10 nm of AI 2 O 3 . The root mean square roughness 
of all interfaces is 0.15 — 0.3 nm. XRR simulations shown in Fig. SI are performed using 
the Parratt formalism [3]. Omitting any of the five distinct layers in the simulation would 
not allow to fit the measured data. 

III. TRANSPORT MEASUREMENTS IN MAGNETIC FIELD SWEEPS 

In order to confirm the magnetic origin of the second-harmonic resistance signals, we 
performed transport measurements while sweeping the magnetic field in the plane of the 
sample (the experimental geometry corresponding to the SQUID measurement in Fig. 1(a) 
of the main text). The data are shown in Fig. S2. increases with current density 

and also reflects the hysteretic magnetization switching. The coercive field is broader than 
what is observed by SQUID which we attribute to different domain structure and pinning 
in the two exerimcnts. Note that the magnetotransport data are measured on a narrow 
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angle of incidence (deg) 


FIG. SI. X-ray reflectivity measurement (black dots) and simulation (red line). 


Hall bar while for magnetometry measurements we used an unpatterned piece of the wafer. 
Since the exchange bias is weak (only a few Oersted), it is not detected in our cryostat for 
magneto-transport measurements where a precision of a few Oersted is not achievable. 



HCO 


FIG. S2. measured when magnetic field is swept along the current direction for two current 
densities. 


3 















IV. TEMPERATURE DEPENDENCE OF THE FIRST HARMONIC RESIS¬ 


TANCE SIGNALS 


20 

§15 

3 

>, 

x 

QC 10 

5 



(a) 


■ Ta/CoFeB 

■ Ta/IrMn/CoFeB 


- 


50 100 150 200 250 300 

Temperature (K) 



50 100 150 200 250 300 

Temperature (K) 


FIG. S3. Temperature dependence of the R]^ (a) (b) signals. 

Within the studied temperature range, the resistance of our metallic stacks depends only 
weakly on the base temperature, as shown in Fig. S3. The thermal gradients due to Joule 
heating across the metal multilayers should, therefore, be also only weakly temperature 
dependent. 


V. MAGNETIC FIELD VS. MAGNETIZATION IN OUT-OF-PLANE ROTATION 
MEASUREMENTS 

In the Ta/CoFeB bilayer, the FM CoFeB has an out-of-plane easy-axis with a correspond¬ 
ing anisotropy held of 0.5 T. In the Ta/IrMn/CoFeB trilayer, the FM CoFeB is in-plane 
magnetized and the anisotropy held is -0.6 T. Because of these anisotropies, the angle of 
magnetization does not follow the magnetic held angle in the out-of-plane rotation measure¬ 
ments in a 1 T held. To correct our analysis for these deviations we recalculate the magnetic 
held angle to the corresponding magnetization angles as illustrated in Fig. S4. 
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FIG. S4. Rxy (red symbols) and (blue symbols) as a function of the magnetic field angle (3h 
for field rotation in the x-z plane (left) and as a function of the corresponding magnetization angle 
P (right). 

VI. ANALYSIS OF THE SECOND-HARMONIC TRANSPORT SIGNALS 

Examples of the measured transport signals in the Ta/IrMn/CoFeB and Ta/CoFeB sam¬ 
ples are shown in Figs. S5 and S6. 
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FIG. S5. Sample Ta/IrMn/CoFeB. First harmonics (blue symbols) and second harmonics (red 
symbols) when magnetization rotates in all three planes measured on longitudinal (panels (a)-(c)) 
and transverse (panels (d)-(f)) contacts. Data are measured at 5K at j = 3.5 A/cm 2 . 



FIG. S6. Sample Ta/CoFeB. First harmonics (blue symbols) and second harmonics (red sym¬ 
bols) when magnetization rotates in all three planes measured on longitudinal (panels (a)-(c)) and 
transverse (panels (d)-(f)) contacts. Data measured at 5K at j = 3.6 A/cm 2 . 

We now describe our analysis of terms contributing to the second harmonic transport 
signal as a function of the rotation angles (Fig. S7) of the equilibrium magnetization vector. 
We consider the following magnetotransport coefficients that are sensitive to the magneti¬ 
zation vector: the magnetization dependence of the off-diagonal R xy component is due to 
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the Anomalous Hall effect (AHE) and the transverse anisotropic magnetoresistance (tAMR) 
(also called the planar Hall effect); the diagonal R xx component can depend on the mag¬ 
netization via the non-crystalline anisotropic magnetoresistance (ncAMR) determined by 
the angle between the magnetization and current, and the crystalline anisotropic magne¬ 
toresistance (cAMR) depending on the angle of the magnetization from the out-of-plane 
axis. 

Z 



FIG. S7. Definitions of magnetization rotation angles, x-y is the sample plane and current is 
applied along the x-direction. 

The AHE has an extremum when magnetization is perpendicular to the sample plane. 
The tAMR has a maximum at a 45° angle between the in-plane projection of the magneti¬ 
zation and current while the ncAMR in our samples has a maximum when magnetization 
and current are collinear. The cAMR has a maximum for the out-of-plane magnetization 
direction. 

The above terms can contribute to the second-harmonic signals when magnetization is 
tilted from the equilibrium position by the current-induced torques. The effective field 
H ad ~ m x y corresponds to the antidamping-like torque while the effective field ~ y 
corresponds to the field-like torque. Microscopically Had can originate, e.g., from the SHE 
while Hp from, e.g., the Oersted or Rashba fields. 

An out-of-plane thermal gradient A T oop can contribute to the magnetization dependence 
of the second-harmonic transport signals without having induced any tilt of the magnetiza¬ 
tion out of the equilibrium direction. This can be due to the Anomalous Nernst effect (ANE) 
or the spin Seebeck effect (SSE). Both effects have the same symmetry with the maximum 
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contribution when the magnetization is in-plane and perpendicular to the axis connecting 
the respective voltage probes in R xx and R xy measurements. Below we show that the sign of 
this effect is opposite in the Ta/IrMn/CoFeB and Ta/CoFeB samples which implies that the 
effect is due to the SSE. An in-plane thermal gradient A T ip along the applied current can 
contribute to the second-harmonic R xy signal through the ANE. The maximum contribution 
in this case is for the out-of-plane magnetization. 

All the above contributions and their respective angular dependencies are summarized in 
Tabs. SI and S2. 


c> 2 cj 

IX 'XX 

a 

P 

7 

RncAMR 

rncAMR-ffF sin(2a) cos a 

-LncAMRhfAD sin(2/3) 

0 

RcAMR 

0 

-Aamr Had sin (2/3) 

2f cA MR^F sin(27) cos 7 

thermal 

r S sE AT oop sin a 

0 

^SSeAT 00P sin 7 


TABLE Sf. Angular dependence of the contributions to the second harmonic signal R xx . ri are 
the coefficients for the various terms discussed in the text. 


d2cj 

1Xj xy 

a 

P 

7 

Aahe 

rAHEHAD cos a 

Lahe Had sin P 

—Lahe H f sin 7 cos 7 

AtAMR 

rncAMR^HF cos( 2 a) cos a 

LncAMR2 Hf sgn(sin /3) 

AicAMr 2 Had sgn(sin 7) cos 7 

thermal 

^SSeAT oop cos a 

r S SE AT oop sin /3 

+TANE^Tip cos P 

?’ane A7)p cos 7 


TABLE S2. Same as Tab. Sf for R xy . 


First harmonic measurements of the AHE and AMR with magnetization rotated in the 
three planes by an external magnetic held are used to calibrate the corresponding coefficients 
r, and r t in Tabs. SI and S2. Note that the total effective held aligning the equilibrium 
magnetization along the angles a, P, or 7 comprises the externally applied magnetic held and 
the anisotropy held. The anisotropy held for the out-of-plane rotations is sizable compared 
to the externally applied magnetic held. The total equilibrium effective held is absorbed in 
the coefficients r t and f t and, therefore, they are different for the in-plane and out-of-plane 
rotations. 





The a and 7 -rotation signals are dominated in both the Ta/IrMn/CoFeB and 
Ta/CoFeB samples by sin a and sin 7 terms, respectively. As seen from Tab. SI, these 
terms are due to the SSE. We can therefore use these R 2 ^. signals to calibrate the amplitude 
rssEAT 00 p of the out-of-plane thermal gradient effect. The current induced effective fields 
Had and H F are then inferred from the measured second-harmonic transport signals by 
decomposing the data into the individual angle-dependent terms and by using the above 
calibrations. 


VII. ANALYSIS OF THE SECOND HARMONIC SIGNAL 



FIG. S 8 . Left: The R 2 ^(a ) signal (black circles) when magnetization is rotated in-plane and the 
corresponding Fourier sum fitting (red line). Right: Inferred Fourier coefficients as a function of 
the current density. 
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FIG. S9. Same as Fig. S8 for the out-of-plane /3-rotation of the magnetization. 
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FIG. S10. Same as Fig. S 8 for the out-of-plane 7 -rotation of the magnetization. 

Since the /3-dependent has the expected sin 2/3 dependence we can use it directly to 
obtain Had■ The results are consistent with Had inferred from R 2 ^. The R%£ signals are 
less noisy and thus allow us for a more precise determination of the current induced effective 
fields. However, their angular dependencies are more complex. To analyze the R 2 ^ data, we 
decomposed the measured signals for all three magnetization rotation angles into harmonic 
functions of the respective magnetization angles with coefficients a n and b n defined as 

■y /»27T 2 /*27T 

a n = — / f(x) sm(nx)dx; b n = — / f{x)cos[nx)dx. (1) 

77 Jo 77 Jo 

Here f(x ) is our measured signal and x represents the angle of rotation. The measured data 
are than described by the Fourier sum: 

N 

f(x) = ^^(a n sin(na;) + b n cos (nx)) + const. (2) 

n=l 
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Results of the Fourier analysis are summarized in Figs. S 8 , S9, and S9 for the a , /3, and 
7 -rotation, respectively. Consistent values of Had, quoted in the main text, are obtained 
from the cos a and sin /3 terms in R%£. As expected, the terms scale linearly with the applied 
current. All other terms, except for the cos/3 and cosy components, are negligible in 
which implies that we do not observe a sizable Hp held in our measurements. 

The cos f3 and cos 7 terms in R 2 ^ y do not scale with the applied electrical current and 
are, therefore, not related to the current induced torques. We attribute them to the in¬ 
plane thermal gradient effect. As expected for the ANE generated in the FM, the terms 
have the same sign in the Ta/IrMn/CoFeB and Ta/CoFeB samples. The different scaling 
with applied current, compared to the out-of-plane thermal gradient effect, might reflect the 
different Joule heating characteristics in the geometry when electrons drift along the thermal 
gradient. The drifting electrons between the warmer and colder longitudinal contacts will 
tend to equilibrate the system, resulting in the weak net dependence of the corresponding 
Rly component on current. 
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